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Title: Method and device for meas\iring contamination of a surface of a component of a 
lithographic apparatus 

FIELD AND BACKGROUND OF THE INVENTION 

The present invention relates to a method for measuring contamination of a 
surface of a component in a Uthographic projection apparatus. The invention also 
relates to a lithographic projection apparatus. The invention further relates to a 
device manufacturing method and a computer program product. 

The term "patterning means" as here employed should be broadly interpreted 
as referring to means that can be used to endow an incoming radiation beam with a 
patterned cross-section, corresponding to a pattern that is to be created in a target 
portion of the substrate; the term "light valve" can also be used in this context. 
Generally, the said pattern will correspond to a particular functional layer in a device 
being created in the target portion, such as an integrated circuit or other device (see 
below). Examples of such patterning means include: 

A mask. The concept of a mask is well known in lithography, and it includes 
mask types such as binary, alternating phase-shift, and attenuated phase-shift, as 
weU as various hybrid mask types. Placement of such a mask in the radiation beam 
causes selective transmission (in the case of a transmissive mask) or reflection (in the 
case of a reflective mask) of the radiation impinging on the mask, according to the 
pattern on the mask. In the case of a mask, the support structure will generally be a 
mask table, which ensures that the mask can be held at a desired position in the 
incoming radiation beam, and that it can be moved relative to the beam if so desired; 

A programmable mirror array. One example of such a device is a matrix- 
addressable surface having a viscoelastic control layer and a reflective surface. The 
basic principle behind such an apparatus is that (for example) addressed areas of the 
reflective surface reflect incident light as diffiracted light, whereas unaddressed areas 
reflect incident light as undif&acted light. Using an appropriate filter, the said 
undif&acted light can be filtered out of the reflected beam, leaving only the difiOracted 
light behind; in this manner, the beam becomes patterned according to the addressing 



pattern of the matrix-adressable surface. An alternative embodiment of a 
programmable mirror array employs a matrix arrangement of tiny mirrors, each of 
which can be individually tilted about an axis by applying a suitable localized electric 
field, or by employing piezoelectric actuation means. Once again, the mirrors are 
matrix-addressable, such that addressed mirrors will reflect an incoming radiation 
beam in a different direction to unaddressed mirrors; in this manner, the reflected 
beam is patterned according to the addressing pattern of the matrix-adressable 
mirrors. The required matrix addressing can be performed using suitable electronic 
means. In both of the situations described hereabove, the patterning means can 
comprise one or more programmable mirror arrays. More information on mirror 
arrays as here referred to can be gleaned, for example, from United States Patents 
US 5,296,891 and US 5,523,193, and PCT patent appUcations WO 98/38597 and 
WO 98/33096, which are incorporated herein by reference. In the case of a 
programmable mirror array, the said support structure may be embodied as a frame 
or table, for example, which may be fixed or movable as required; and 

A programmable LCD array. An example of such a construction is given in 
United States Patent US 5,229,872, which is incorporated herein by reference. As 
above, the support structure in this case may be embodied as a frame or table, for 
example, which may be fixed or movable as required. 

For purposes of simplicity, the rest of this text may, at certain locations, 
specifically direct itself to examples involving a mask and mask table; however, the 
general principles discussed in such instances should be seen in the broader context of 
the patterning means as hereabove set forth. 

Lithographic projection apparatus may be used, for example, in the 
manufacture of integrated circuits (ICs). In such a case, the patterning means may 
generate a circuit pattern corresponding to an individual layer of the IC, and this 
pattern may be imaged onto a target portion (e.g. comprising one or more dies) on a 
substrate (siKcon wafer) that has been coated with a layer of radiation-sensitive 
material (resist). In general, a single wafer wiU contain a whole network of adjacent 
target portions that are successively irradiated via the projection system, one at a 
time. In current apparatus, employing patterning by a mask on a mask table, a 
distinction may be made between two different types of machine. In one type of 
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lithographic projection apparatus, each target portion is irradiated by exposing the 
entire mask pattern onto the target portion in one go; such an apparatus is commonly 
referred to as a wafer stepper or step-and-repeat apparatus. In an alternative 
apparatus, commonly referred to as a step-and-scan apparatus, each target portion is 
5 irradiated by progressively scanning the mask pattern under the projection beam in a 
given reference direction (the "scanning" direction) while synchronously scanning the 
substrate table parallel or anti-parallel to this direction; since, in general, the 
projection system will have a magnification factor M (generally < 1), the speed V at 
which the substrate table is scanned will be a factor M times that at which the mask 
10 table is scanned. More information with regard to lithographic devices as here 

described can be gleaned, for example, from US 6,046,792, incorporated herein by 
reference. 

In a manufactuLring process using a Uthographic projection apparatus, a 
pattern (e.g. in a mask) is imaged onto a substrate that is at least partially covered by 

15 a layer of radiation-sensitive material (resist). Prior to this imaging step, the 

substrate may undergo various procedures, such as priming, resist coating and a soft 
bake. After exposure, the substrate may be subjected to other procedures, such as a 
post-exposure bake (PEB), development, a hard bake and measurement/inspection of 
the imaged features. This array of procedures is used as a basis to pattern an 

20 individual layer of a device, e.g. an IC. Such a patterned layer may then undergo 

various processes such as etching, ion-implantation (doping), metallization, oxidation, 
chemo-mechanical polishing, etc., all intended to finish off an individual layer. If 
several layers are required, then the whole procedure, or a variant thereof, will have 
to be repeated for each new layer. Eventually, an array of devices will be present on 

25 the substrate (wafer). These devices are then separated firom one another by a 

technique such as dicing or sawing, whence the individual devices may be mounted on 
a carrier, connected to pins, etc. Further information regarding such processes may be 
obtained, for example, from the book "Microchip Fabrication: A Practical Guide to 
Semiconductor Processing", Third Edition, by Peter van Zant, McGraw Hill 

30 Publishing Co., 1997, ISBN 0-07-067250-4, incorporated herein by reference. 

For the sake of simpUcity, the projection system may hereinafter be referred to 
as the "lens"; however, this term should be broadly interpreted as encompassing 



various types of projection system, including refractive optics, reflective optics, and 
catadioptric systems, for example. The radiation system may also include components 
operating according to any of these design types for directing, shaping or controlling 
the projection beam of radiation, and such components may also be referred to below, 
collectively or singularly, as a "lens". Fvuther, the lithographic apparatus may be of a 
type having two or more substrate tables (and/or two or more mask tables). In such 
"multiple stage'' devices the additional tables may be used in parallel, or preparatory 
steps may be carried out on one or more tables while one or more other tables are 
being used for exposures. Dual stage lithographic apparatus are described, for 
example, in US 5,969,441 and WO 98/40791, both incorporated herein by reference. 

Although specific reference may be made in this text to the use of the 
apparatus according to the invention in the manufacture of ICs, it should be explicitly 
understood that such an apparatus has many other possible appHcations. For 
example, it may be employed in the manufacture of integrated optical systems, 
guidance and detection patterns for magnetic domain memories, liquid-crystal display 
panels, thin-film magnetic heads, or otherwise. The skilled artisan will appreciate 
that, in the context of such alternative applications, any use of the terms "reticle", 
"wafer" or "die" in this text should be considered as being replaced by the more 
general terms "mask", "substrate" and "target portion", respectively. 

In the present document, the terms "radiation" and "beam" are used to 
encompass all types of electromagnetic radiation, including ultraviolet (UV) radiation 
(e.g. with a wavelength of 365, 248, 193, 157 or 126 nm) and extreme ultra-violet 
(EUV) radiation (e.g. having a wavelength in the range 5-20 nm), as well as particle 
beams, such as ion beams or electron beams. 

In general, the surfaces of components of a lithographic projection apparatus 
get contaminated during use, for example because of hydrocarbon molecules which are 
always present in the apparatus, even if most of the apparatus is operated in vacuum. 
It should be noted that in general an EUV hthographic projection apparatus is a 
closed vacuum system. Contamination may also be caused by other materials, such 
as, but not limited to, reactants from radiation induced cracking of hexa-methyl 
disilazane or other siUcon containing materials, for example oxides of silicon. 
EspeciaUy in an apparatus using DUV or EUV, the components may suffer from 
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contamination by carbon-containing materials due to radiation induced cracking of 
hydrocarbon molecules. 

In particular the contamination of optical components in the lithographic 
projection apparatus, such as mirrors, has an adverse effect on the performance of the 
apparatus because such contamination affects the optical properties of the optical 
components. Contamination of optical components, for example, results in heating of 
the components due to increased absorption of radiation; causes losses in reflectivity 
and transparency, and introduces wavefront errors. This results in short lifetimes of 
the optics. Contamination of the optical components is especially a problem when 
using EUV radiation, since the radiation induced contamination, e.g. of carbon, will 
occur for a large part in the irradiated area, i.e. near the optical components. 

Thus, control and knowledge of the contamination is desired. 

SUMMARY OF THE INVENTION 

It is general object of the present invention to provide a method for measuring 
contamination of a surface of a component in a lithographic projection apparatus. The 
invention therefore provides a method according to claim 1. 

By such a method at least one property of the contamination can be measured 
because the received radiation is at least partly dependent on the contamination. 

The invention further provides a Hthographic projection apparatus according to 
claim 24. According to a further aspect of the invention a device manufacturing 
method according to claim 25 is provided. Furthermore, the invention provides a 
computer program product as claimed in claim 26. Such apparatus, method and 
program allow measuring a property of contamination of a surface in a hthographic 
projection apparatus. 

Specific embodiments of the invention are set forth in the dependent claims. 
Further details, aspects and embodiments of the invention will be described, by way of 
example only, with reference to the attached drawing. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 schematically shows an exploded view of an example of an embodiment 
of a hthographic projection apparatus according to invention. 
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FIG. 2. shows a side view of an example of an embodiment of a EUV 
illuminating system and projection optics of an example of an embodiment of a 
Lithographic projection apparatus according to the invention 

FIG. 3 schematically shows a first example of an embodiment of a measuring 
5 device according to the invention. 

FIG, 4 schematically shows a second example of an embodiment of a 
measuring device according to the invention. 

FIG. 5 schematically shows a third example of an embodiment of a measuring 
device according to the invention. 
10 FIG. 6 shows experimental results of relative reflectivity of an EUV mirror 

contaminated with a carbon layer of varying thickness. 

FIGs. 7 A and 7B show graphs of the reflectivity as a function of 
electromagnetic radiation wavelength of two types of multi-layer mirrors with and 
without contamination by a layer of carbon. 
15 FIG. 8A and 8B show graphs of a simulation of the reflectivity of a multi-layer 

mirror surface as a function of wavelength for contamination with carbon or silicon- 
oxide layers of different thickness. 

FIGs. 9 schematically shows a block diagram of a section of a processor device 
which can be used in the examples of FIGs. 3-5. 
20 FIG. 10 shows a graph of a simulation of the reflectivity of a multi-layer mirror 

surface as a function of carbon contamination thickness for different angles of 
incidence of radiation from an infrared laser. 

DETAILED DESCRIPTION 

25 FIG. 1 schematically depicts an example of an embodiment of a lithographic 

projection apparatus 1 according to the invention. The lithographic projection 
apparatus 1 typically comprises a radiation system Ex, IL, for supplying a projection 
beam PB of radiation (e.g. UV or EUV radiation). In this particular case, the radiation 
system also comprises a radiation source LA; a first object table (mask table) MT 

30 provided with a mask holder for holding a mask MA (e.g. a reticle), and connected to 
first positioning means PM for accurately positioning the mask with respect to item 
PL; a second object table WT provided with a substrate holder for holding a substrate 



W (e»g. a resiat-coated silicon wafer), and connected to second positioning means PW 
for acciirately positioning the substrate with respect to item PL; and a projection 
system ("lens") PL (e.g. a mirror group) for imaging an irradiated portion of the mask 
MA onto a target portion C (e.g. comprising one or more dies) of the substrate W. 
5 As here depicted, the apparatus is of a reflective type (i.e. has a reflective 

mask). However, in general, it may also be of a transmissive type, for example (with a 
transmissive mask). Alternatively, the apparatus may employ another kind of 
patterning means, such as a programmable mirror array of a type as referred to 
above. 

10 The source LA (e.g. a Hg lamp, an eximer laser, an undulator or wiggler 

provided around the path of an electron beam in a storage ring or synchronotron, a 
laser produced plasma or otherwise) produces a beam of radiation, in this example 
Extreme Ultra Violet radiation. This beam is fed into an illumination system 
(illuminator) IL, either directly or after having traversed conditioning means, such as 

15 a beam expander Ex, for example. The illuminator IL may comprise adjusting means 
AM for setting the outer and/or inner radial extent (commonly referred to as a-outer 
and a-inner, respectively) of the intensity distribution in the beam. In addition, it will 
generally comprise various other components, such as an integrator IN and a 
condenser CO. In this way, the beam PB impinging on the mask MA has a desired 

20 uniformity and intensity distribution in its cross -section. 

It should be noted with regard to FIG. 1 that the source LA may be within the 
housing of the lithographic projection apparatus (as is often the case when the source 
LA is a mercury lamp, for example), but that it may also be remote from the 
lithographic projection apparatus, the radiation beam which it produces being led into 

25 the apparatus (e.g. with the aid of suitable directing mirrors); this latter scenario is 
often the case when the source LA is an excimer laser. The current invention and 
claims encompass both of these scenarios. 

The beam PB subsequently intercepts the mask MA, which is held on a mask 
table MT. Having been reflected by the mask MA, the beam PB passes through the 

30 projection system PL, which focuses the beam PB onto a target portion C of the 

substrate W. With the aid of the second positioning means PW (and interferometric 
measuring means IF), the substrate table WT can be moved accurately, e.g. so as to 
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position different target portions C in the path of the beam PB. Similarly, the first 
positioning means PM can be used to accurately position the mask MA with respect to 
the path of the beam PB, e.g. after mechanical retrieval of the mask MA from a mask 
library, or during a scan. In general, movement of the object tables MT, WT will be 
5 realized with the aid of a long-stroke module (coarse positioning) and a short-stroke 
module (fine positioning), which are not explicitly depicted in PIG. 1. However, in the 
case of a wafer stepper (as opposed to a step-and-scan apparatus) the mask table MT 
may just be connected to a short stroke actuator, or may be fixed. Mask MA and 
substrate W may be aligned using mask alignment marks Ml, M2 and substrate 
10 alignment marks PI, P2. 

The depicted apparatus can be used in two different modes: 

1. In step mode, the mask table MT is kept essentially stationary, and an 
entire mask image is projected in one go (i.e. a single "flash") onto a target portion C. 
The substrate table WT is then shifted in the x and/or y directions so that a different 

15 target portion C can be irradiated by the beam PB; and 

2. In scan mode, essentially the same scenario applies, except that a given 
target portion C is not exposed in a single "flash". Instead, the mask table MT is 
movable in a given direction (the so-called "scan direction*', e.g. the y direction) with a 
speed v, so that the projection beam PB is caused to scan over a mask image; 

20 concurrently, the substrate table WT is simultaneously moved in the same or opposite 
direction at a speed V = Mv, in which M is the magnification of the lens PL (typically, 
M = 1/4 or 1/5). In this manner, a relatively large target portion C can be exposed, 
without having to compromise on resolution. 

FIG. 2 shows an example of a projection optics system PL and an example of a 

25 radiation system 2 which can be used in the example of a lithographic projection 

apparatus 1 of FIG. 1. The radiation system 2 comprises an illumination system IL 
with an illumination optics unit 4. The radiation system 2 may also comprise a 
source-collector module or radiation unit 3 . The radiation unit 3 is provided with a 
radiation source LA which may for example be formed by a discharge plasma, a laser 

30 produced plasma or otherwise. The radiation source LA may employ a gas or vapor, 
such as Xe gas or Li vapor in which a very hot plasma may be created to emit 
radiation in the EUV range of the electromagnetic spectrum. The very hot plasma is 



created by causing a partially ionized plasma of an electrical discharge to collapse 
onto the optical axis O. However, the very hot plasma may likewise be created by 
collapse onto a different axis. Partial pressures of 0.1 mbar of Xe. Li vapor or any 
other suitable gas or vapor may be required for efficient generation of the radiation. 
The radiation emitted by radiation source LA is passed from the source chamber 7 
into collector chamber 8 via a gas barrier structxu-e or "foil trap" 9. The gas barrier 
structure comprises a channel structure such as, for instance, described in detail in 
European patent appUcations EP-A-1 233 468 and EP-A-1 057 079, which is 
incorporated herein by reference. 

The collector chamber 8 comprises a radiation collector 10 which according to 
the present invention is formed by a grazing incidence coUector. Radiation passed by 
collector 10 is reflected off a grating spectral filter 11 to be focused in a virtual source 
point 12 at an aperture in the collector chamber 8. From chamber 8, the projection 
beam 16 is reflected in the illumination optics unit 4 via normal incidence reflectors 
13, 14 onto a reticle or mask positioned on a reticle or mask table MT. A patterned 
beam 17 is formed which is imaged in the projection optics system PL via reflective 
elements 18, 19 onto a wafer stage or substrate table WT. More elements than shown 
may generally be present in the illumination optics unit 4 and the projection system 
PL. 

As is illustrated in FIGs. 1 and 2, the lithographic project apparatus 1 has 
examples of measurement devices 100 according to the present invention. The 
measurement device 100 can monitor a part of a surface in the lens PL and measure 
one ore more properties of the contamination of the surface. As shown in more detail 
in FIG.3, the measurement device 100 comprises a radiation transmitter device 101 
and a radiation receiver device 102. The measuring device 100 further has a processor 
device 103 communicatively connected to the radiation receiver device 102. 

In FIG. 3, the radiation transmitter device 101 can irradiate at least apart of a 
surface 201 of a component 200 in the lens PL with radiation 104. In FIG. 3, the 
surface 201 is contaminated with a layer 202 of contaminating material. The 
radiation receiver device 102 can receive radiation 105 from the surface 21 and the 
processor device 103 can determine a property of the contamination layer 202 from 
the received radiation. The projected radiation is modulated in one or more aspects by 
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the surface or the contamination and thus the received radiation received at the 
receiver is a modulated radiation. The modulated aspects may for example be the 
(relative) intensity of the radiation, scattering of the radiation, direction in which the 
radiation is reflected, phase or polarization of the radiation or other properties of the 
radiation, such as the coherence of the radiation, for example and the invention is not 
limited to a specific aspect. 

As an example, the component in FIG. 3 is a multi-layer mirror 200. However, 
the component may hkewise be any other component in a Uthographic projection 
apparatus, such as for example a mask, a gracing incidence mirror, a DUV lens, a 
sensor or otherwise. The multi-layer mirror 200 is especially suited for Extreme 
Ultraviolet (EUV) Uthographic projection. For the sake of brevity, the multi-layer 
mirror and the projecting system are not described in further detail, as multi-layer 
mirrors are generally known in the art of Mthographic projecting, for example from 
United States patents 6 410 928 incorporated herein by reference. Projecting systems 
with multi-layer mirrors are also generally known in the art of Uthographic 
projecting, for example from the International patent pubUcation WO 2002/056114, 
which is incorporated herein by reference. 

As is shown in FIG. 3, EUV radiation 300 is projected on the multi-layer 
mirror 200. The projected radiation 300 is reflected by the mirror 200 as well. 
TypicaUy, the angle of incidence of the radiation is close to normal incidence and 
around 84 degrees from grazing incidence. At the part of the surface 201 which is 
exposed to the EUV radiation, growth of a thin C film ( layer 202) is induced due to 
radiation induced cracking of carbohydrates. Thus, the contamination is supposed to 
be of a carbon containing material in this example. However, the contamination may 
likewise comprise different constituents, such as for example materials containing 
silicon or siUcon-oxide or other oxides or otherwise, resulting for example from 
radiation induced cracking of photo-resists or otherwise. 

The contamination may for example likewise comprise salt formations grown 
on the surface, such as dendrite salt structures. Without being bound to theory, the 
origin of such salt structures appears to be refractory compounds being present at 
very low concentrations (in the range of some parts per milUon to some parts per 
bilUon) in the purge air and is even found in purified nitrogen used for special purging 
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purposes. Irradiation induced chemical (surface) reactions of sUanes, sulfates or 
phosphates in combination with the presence of other gaseous contaminants such as 
oxj'gen, water, ammonia etc. are considered to be the basic degradation mechanism. It 
is commonly believed that nucleation as well as growth of the contaminating crystals 
5 occur only during exposure with radiation of G- and I-Hne and deep-UV wavelength. 

The processor device 103 can determine one or more properties of the radiation 
received by receiver device 102 and derive from the properties of the radiation one or 
more properties of the contamination. The processor may for example determine a 
(relative) amount of received radiation, scattering of the radiation, direction in which 

10 the radiation is reflected, phase or polarization of the radiation or other properties of 
the radiation, such as the coherence of the radiation, for example. 

The properties of the contamination may for example be the thickness of the 
contamination, the materials present in the contamination or otherwise. The 
thickness may for example be determined from the ratio of the intensity of the 

15 radiation transmitted by the radiation transmitter device 101 and the intensity of the 
radiation received by the radiation receiver device 102. Likewise, the processor device 
may compare the spectra of the transmitted radiation and the received radiation with 
each other and derive from this comparison types of materials present in the 
radiation, as is described in more detail with reference to FIGs. 9A and 9B. 

20 The processor device 103 may also compare a value of the determined property 

with a reference value. The processor device 103 may for example compare the 
determined thickness with a predetermined value for the maximimi allowed thickness 
and output a signal if the determined thickness exceeds the predetermined value. 
Thus, an automatic contamination detection can be obtained and for instance an 

25 operator of the apparatus may be warned that the surface, and optionally other parts 
of the apparatus, needs to be cleaned. The processor device 103 may likewise 
determine that the svur£ace is cleaned to a sufELcient degree and automatically stop the 
cleaning to preyent overcleaning. A cleaning method or cleaning device may be used 
as described in the European patent application 02080488.6, which patent application 

30 is incorporated herein by reference. 

In FIG. 4 a second example of a measurement device 100* is shown, which 
device comprises a radiation transmitter device 101,a first radiation receiver device 
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102, a second radiation receiver device 107 and a processor device 103. The radiation 
from the radiation transmitter device 101 is split by a beam splitter 106 in a first 
radiation beam 1041 and a second beam of radiation 1042. The first radiation beam 
1041 is projected on the surface 201 of the component 20 and reflected by the surface 
201 to the first radiation receiver device 102. The second radiation beam 1042 is 
directed from the beam splitter to the second radiation receiver 107. 

The processor device 103 compares a signal representing the radiation received 
with the first radiation receiver device 102 with a signal representing the radiation 
received fi-om the second radiation receiver device 107 and determines a property of 
the contamination, e.g. thickness, from the ratio of these received radiations. Thereby, 
the measimng is insensitive to fluctuations of the radiation emitted by the 
transmitter 101, such as changes in the intensity or wavelength, since the ratio is 
relatively independent of the actual value of the intensity or wavelength. A power 
supply with a high output stabiUty may be used to supply the transmitter device 
and/or the other devices in a measuring device according to the invention Thereby, 
fluctuations in the transmitted radiation are reduced and even small difference 
between the transmitted and received radiation can be determined, thus achieving a 
high sensitivity even for very thin layers. 

A measuring device according to the invention may use radiation which is kept 
substantially constant over time. However the measuring device may likewise use 
radiation which changes over time, for example radiation which varies in intensity or 
wavelength in time. The measuring device may for example be a heterodyne 
measuring device. In general, in heterodyne methods or devices a signal is mixed with 
a signal of a different frequency and via a suitable reverse mixing process the original 
signal can be obtained. Heterodyne detection techniques are generally known in the 
art of signal processing and for the sake of brevity are not described in full detail. 

Such a heterodyne measuring device may for example be implemented as in 
FIG. 4, in which example the radiation transmitter device 101 is a modulated 
radiation transmitter device outputting radiation with a temporally modulated 
varying amplitude. The modulation may be obtained for example by varying the 
power suppUed to the transmitter, using a chopper or an electro-optical modulator or 
otherwise. In FIG. 4, the processor device 103 comprises a lock-in amplifier 1031, 



-13- 



which is generally known in the art of electronics and for the sake of brevity will not 
be described in detail. The lock-in amplifier 1031 has a reference input 1032 
communicatively connected to the radiation transmitter device 101 and signal inputs 
1033, 1034 communicatively connected to the first and second radiation receiver 
5 devices 102, 107 resp. may be provided in the processor device 103 which compares 
the radiation received with the receiver device. The amplifier 1031 further has an 
output which is not shown in FIG. 4. The output is communicatively connected to 
other components in the processor device 103. Filtered signals are presented at the 
output of the lock-in amplifier 1031 which represents the radiation received at the 

10 respective radiation receiver device corrected for the modulation and may be 

processed further in the processor device 103 to determine one or more properties of 
the contamination, such as thickness, position of the contamination or otherwise. 

A heterodyne measuring device according to the invention has an enhanced 
sensitivity compared to a non-heterodyne measuring device, which enhanced 

15 sensitivity may for example be about an order of magnitude higher. Furthermore, a 
heterodyne measuring device according to the invention is relatively non-sensitive to 
background radiation, such as scattered light. 

In a lithographic apparatus according to the present invention having two or 
more measuring devices according to the invention, the radiation may be varied 

20 differently for each measuring device, thus reducing cross-talk between different 
measuring devices. For example, if two or more measuring devices according to the 
invention are used, each device may have a unique modvdation fi:equency. Further 
radiation of different wavelengths can be used. Such differences, e.g. in the 
modulation firequency, may also be applied locally. For example, a single measuring 

25 device may measure two or more components each illuminated with radiation 

modulated with a different firequency, whereby each component may be monitored 
separately. In a similar manner, a measuring device may measure different portions 
of the surface of a single component with differently modulated radiation. 

A measurement device according to the invention may be implemented in any 

30 manner suitable for the specific application. A measuring device may for example 

have one or more radiation transmitter devices and/or one or more radiation receiver 
devices. The transmitter and receiver devices may be similar or differing firom each 
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other, for example two transmitters providing different types of radiation can be used 
together with suitable receivers. The radiation transmitter device may for example 
include an InGaAs-laserdiode as often applied in optical telecommunication network 
systems, which diodes in general operate with a wavelength around 1,5 micrometer^ 
5 and mostly about 1530 nm. Such a radiation transmitter device is relatively simple 
and inexpensive. The radiation receiver device may for example include a photodiode 
suitable for receiving the specific radiation or otherwise. The transmitter may also be 
a part of the projecting system of the apparatus, the radiation source LA of the 
example of FIG. 1 may for instance be used as a transmitter device in a measuring 

10 device according to the invention, as is shown in the example of FIG. 5. 

The example of a measuring device according to the invention of FIG. 5, has 
two radiation receiver devices 102,107 of which one radiation receiver device 102 can 
receive radiation from the transmitter device 101 and the other receiver device 107 
can receive radiation 30 from the radiation source LA. In this example, the radiation 

15 source LA emits DUV or EUV radiation while the transmitter device 101 transmits 
optical radiation outside the DUV or EUV range. Thus, the receiver devices 102, 107 
measure different properties of radiation reflected by the surface, i.e. different 
wavelengths of the reflected radiation. In the example of FIG. 5, it is assumed that 
both the radiation from the transmitter 101 and the radiation source LA are more or 

20 less monochromatic. However, it is likewise possible to use a transmitter device which 
transmits radiation with different wavelengths and to receive the radiation with two 
or more suitable receiver devices, each device sensitive to radiation of a different 
wavelength- 

In a device or method according to the invention, the radiation may for 
25 example be electromagnetic radiation in visible, near infra red (NIR), infrared (IR) or 
far infrared (FIR) range. The radiation may be generated by a laser device or a 
broadband light source. Radiation in these ranges is especially suited to determine 
the thickness of contamination with carbon-containing materials. Carbon containing 
materials absorbs light in these ranges, thus contamination with carbon containing 
30 materials results in a loss of reflection and can be detected accurately. Furthermore, 
laser light is collimated, monochromatic, non-destructive, and measurable with high 
resolution. 
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In the examples of FIGs. 3 and 4, radiation reflected by the surface is detected 
by the radiation receiver device. Thereby, the measurement device has a high 
sensitivity since the light travels through the contamination layer twice. In the 
examples of FIGs 3 and 4 , the transmitter and the receiver are positioned on the 
same side of the component, e.g. above the surface (it is Kkewise possible to position 
the transmitter device and the receiver device below the surface) . However, it is 
likewise possible to measure a property of contamination from light transmitted 
through the surface, for example measure the thickness of the contamination layer by 
a change in intensity of the transmitted Hght. Thereby, the amount of contamination 
on non-reflective surfaces or transparent substrates may be measured as well. The 
transmitter device and the detector or radiation receiver device can then be positioned 
on different sides, for example the detector may be below the surface and the 
transmitter may be above the surface or vice versa. 

In general, in an apparatus according to the invention an on-line analysis of 
contamination, i.e. without switching the apparatus off, is possible because a 
measurement device or method according to the invention does not interfere with the 
functionality of the optical system in the apparatus. Furthermore, when the radiation 
is laser Ught the radiation may for example be transmitted from a laser source outside 
the optical system or at a distance of the optical component and be directed to the 
surface via an optical fibre, to minimise the components of the measuring device 
according to the invention in the optical system. 

In case optical radiation is used, the radiation transmitter device may 
comprise a low power laser diode to prevent an additional heat load. Heating may also 
be prevented by projecting the radiation of the radiation transmitter device on a large 
area of the surface, resulting in a low amount of radiation power per surface area. 
Also, a short measurement time may be used to overcome that problem. It was found 
that for the measurement of carbon growth a measurement rate of equal or below 1 
measurement per min with optical radiation in the (near) infrared range is sufficient 
to monitor the contamination process with a large degree of accuracy. However, the 
invention is not limited to such measurement rate and any suitable measurement 
may be used. The measurement rate may likewise be varied. For example, two or 
more different measurement rates may be used. For instance, during a standard 
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operation of lithographic projection apparatus, a first measurement rate may be used, 
and for example during a cleaning or (directly after) maintenance of the apparatus a 
second .measurement rate is used. The second rate may for example be higher than 
the first measurement rate. For example, the first measurement rate may be around 
one measurement per minute and the second measurement rate may be (semi) 
continuous or otherwise. 

A measurement device or method according to the invention may be used for 
determining local differences in the contamination, for example by irradiating with 
the radiation transmitter device 101 various parts of the surface. Different parts can 
be irradiated for example by moving the transmitter with respect to the surface or 
scanning a beam of radiation along the surface for example using one or more mirrors. 
In the case that the device irradiate various parts of the surface, means may be 
provided to direct the radiation beam to a plurality of positions. Suitable means to 
achieve this may keep the surface fixed and deflecting the measurement beam or 
move the radiation transmitter with respect to the surface, keeping the measurement 
beam and moving the surface, using a pluraUty of measurement beams or otherwise. 

FIG. 6 shows experimental results of the relative reflectivity in the near 
infrared (NIR) region along a surface contaminated with a layer of carbon with a 
varying thickness. In the experiments illustrated with the graph of FIG. 6, radiation 
of 780 nm wavelength was projected using a diode-laser, and the reflection at 45** 
angle of incidence of a EUV mirror with a carbon layer ranging from 4 to 7 nm 
thickness was measured. In this experiment the reflected beam was directly 
measured, i.e. no heterodyne detection. For the carbon layer, the absorption ranges 
from 4 to 6%, with respect to the reflection at an area without a carbon layer. For this 
arrangement a maximum absorption was found at an angle of incidence between 10 
and 50 degrees with respect to the mirror normal. The absorption can be increased by 
choosing a wavelength for which the absorption cross-section of carbon is higher. 
Generally speaking the absorption increases both for lower wavelengths, e.g. lower 
than 780 nm and wavelengths in the IR regime, that is optical radiation with a 
wavelength larger than 1 micrometer. As is indicated by arrows in FIG. 6, at the 
position of the contamination a significant drop in reflectivity is measured. In FIG. 6 
this occurs at x=9 mm and x=13 mm, as indicated by the arrows. Furthermore, in 
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FIG. 6 the difference in relative reflectivity for different values of the contamination 
layer thickness is clearly visible. 

FIG. 7A shows the results of a simulation of the reflectivity (normal incidence) 
versus the wavelength of light for an uncapped Mo-Si multi-layer mirror, that is a 
multi-layer mirror with a surface layer similar to the other layers. FIG. 7B shows 
results of a simulation of the reflectivity (normal incidence) versus the wavelength of 
Ught for a capped Mo-Si multi-layer mirror (i.e. with a surface layer of a material 
different than the other layers in the mirror, in this example the surface layer is made 
ofRu). 

The simulation of FIG. 7A was performed for a multi-layer mirror with a Si 
substrate on which 40 sets of alternately a 4.4 nm Si-layer and a 2.5 nm Mo were 
deposited. In FIG. 7B the multi-layer mirror was supposed to have a Si substrate on 
which 40 sets of alternately a 4.4 nm Si-layer and a 2.5 nm Mo layer were deposited. 
At the surface a set, also referred to as the cap, of a 1.5. nm Ru layer on a 2.0 nm Mo 
layer was supposed. In the simulations of FIGs. 7A and 7B, the contamination was 
supposed to be a 2 nm layer of carbon. 

For both the uncapped and the capped multi-layer mirror, simudations are 
shown with and without a carbon contamination layer. As is shown in FIG. 7A with 
the dashed line, even a very thin layer of carbon, in this example a 2 nm thick layer of 
carbon, already significantly changes the spectrum of the uncapped mirror compared 
to the uncontaminated surface depicted with line. FIG. 7B shows a similar behaviour 
for a capped mirror with the dashed line indicating a mirror with contamination and 
the soUd line indicating a clean mirror surface. 

It is found from these simulations that a method or device according to the 
invention using optical radiation having a wavelength in the in&ared range, 
especially between 1 and 2 micron and in particular between 1.2 and 1.7 fim, provides 
the highest sensitivity, i.e. largest modifications of the reflectivity, as may be derived 
firom FIGs. 7A and 7B. Figs. 7A and 7B further show that for wavelengths between 
0,5 and 1 micron, the reflectivity of a multi-layer mirror with carbon containing 
contamination is higher than the reflectivity of a multi-layer mirror with a clean 
surface. Without being bound to theory, the increase in reflectivity is ascribed to 
interference and standing wave effects 
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Fig. 8A shows the result of a simulation performed for a multi-layer mirror 
similar to the mirror used in the simulation of FIG. 7A contaminated with carbon 
layers of respectively 0,1,2,5, 10 and 20 nanometres thickness. Fig. SB shows the 
result of a simulation performed for a multi-layer mirror similar to the mirror used in 
the simulation of FIG. 7A contaminated with siUcon-oxide layers of respectively 1,2,5 
and 10 nanometres thickness. As is shown in FIG. 8A, growth of a thin layer of 
carbon-containing materials can be detected accurately with optical radiation between 
0 and 150 nm, especially around 50 nm and 120 nm, since for those ranges of 
wavelengths the growth of thin layers has an unexpected large effect on the 
reflectivity. For example. EUV radiation of 13.5 nm can be used which is in general 
abready used in the beam of an EUV Hthographic projection apparatus. As can be 
derived from FIG. SB growth of thin layers of siHcon(di)oxide containing material can 
be detected accurately by means of radiation between 50 nmDand 150 nm and in 
particular for radiation between 100 and 120 nm wavelength. Thus, carbon containing 
materials and siUcondioxide containing materials can be distinguished using different 
wavelengths, for example 10-70 nm for carbon containing materials and 70-150 nm 
for silicon(di)oxide. 

From the radiation from the surface, for example the concentrations of 
materials in the contamination layer may be determined, such as concentrations of 
carbon containing materials and siHconoxide containing materials. As can be derived 
from the graphs, carbon containing materials and siHconoxide containing materials 
have different reflective properties, such as for example relative intensity or 
polarisation. Hence, the radiation reflected by the surface is a combination of those 
properties. Thus, by comparing the reflected radiation with reference values, the 
relative contribution of those materials to the reflected radiation can be determined 
and hence the concentration of those materials in the contamination. 

FIG. 9 shows an example of a section 1035 of a processor device 103 of the 
examples of FIGs. 2-4, suitable for performing such a method. The section 1035 has 
inputs 1035A-1035D connected to ratio determining devices 1035E,1035F. The ratio 
determining device 1035E,1035F are connected to a calculator device 1035G which is 
further connected to a memory 1035H . The calculator device 1035G has an output 
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10351 at which signals representing the established concentrations of the respective 
materials can be outputted. 

At input 1035A, a signal corresponding to the intensity lin(Di) of the radiation 
transmitted by the transmitter device 101 at a first wavelength Oi is presented. At 
input 1035B, a signal corresponding to the intensity lout(ai) of the radiation received 
by the receiver device 102 at a first wavelength Di is presented. At input 1035C, a 
signal corresponding to the intensity Iin(D2) of the radiation transmitted by the 
transmitter device 101 at a second wavelength 02 is presented. At input 1035D, a 
signal corresponding to the intensity Iout(D2) of the radiation received by the receiver 
device 102 at the second wavelength 002 is presented. 

The ratio determining devices 1035E,1035F each determine the ratio R of the 
transmitted intensity and received intensity for the specific wavelength, i.e. device 
1035E determines the ratio R(Di) at Di and device 1035F determines the ratio R(D2) 
at □2. The ratios R(Di), R(a2) are transmitted to the calculator device 1035G which 
derives the concentrations from said ratios and values ai(ai), a2(Di), ai(D2), a2(D2) 
which are stored in the memory 1035H. Values ai(Di) and ai(D2) represent the 
relative reflectivities at Di and 02 for carbon and values a2(Di) and a2(D2) represent 
said relative reflectivities for silicon-oxide. Supposing that the mirror without 
contamination reflects aU projected radiation, the calculator device can for example 
calculate the concentrations from the following equations: 

= <^carbon<hW + ^sUicon^oxide<^2W (2)» 

in which equations c represents the concentration of the respective material. 
However, other calcxilations may Ukewise be performed by the calculator device to 
determine one or more properties of the contamination. The result of the calculation is 
thereafter outputted at the output 10351 of the section 1035. 

Determination of the concentration can likewise be based on different 
properties of the reflected radiation such as the ratio of transmitted and received 
radiation for two or more different wavelengths, angles of incidence, polarisation, 
phase shifts, coherency or otherwise. 

The angle of incidence of the radiation firom the radiation transmitter device 
may be any angle suitable for the specific application. It is found that for electro- 
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magnetic radiation of a fixed wavelength, in particular in the infirared, the reflectivity 
decreases substantially linear with the carbon thickness, as is illustrated in FIG. 10 
for most angles of incidence. FIG. 10 shows results of a simulation of the reflectivity 
as a function of carbon thickness for a capped multi-layer mirror similar to the one 
used in the simulation of FIG. 7B for various angles of incidence. The reference 
numbers in FIG. 10 indicate the angle of incidence of the radiation for the respective 
Hne. In the simulation of FIG. 10, the Hght was supposed to have a wavelength of 
1530 nm. As can be derived from FIG. 10, the highest sensitivity in a method 
according to the invention of about 3% change of the measurement signal AR/R per 1 
nm C is found at angles between 20 an 40 degrees of the radiation incident on the 
surface. 

A method or device according to the invention may be used in any stage of 
operation of a Uthographic projection apparatus. For example, a method or device 
according to the invention may be used to measure contamination on one or more a 
component in the projection apparatus during cleaning of at least a part of the 
components. Thus, a controUable cleaning can be obtained and for example removal of 
too much material can be prevented. Such cleaning may be of any suitable type, such 
as for example the European patent appUcation 02080488.6 or otherwise. For 
example, a photon beam, electron beam or ion beam may be projected on the surface 
of the component which projects photons, electrons or ions with sufficient energy to 
remove at least a part of the contamination. The receiver may then receive radiation 
emitted from the surface (or the contamination on the surface) in response to the 
beam. The received radiation may for example comprise secondary particles, scattered 
or reflected particles or otherwise. One or more properties of the contamination may 
then be derived from one or more properties of the received radiation. For example, 
the transmitter may emit electrons to the surface which remove at least a part of the 
contamination. The receiver device may measure electrons (back) scattered or 
transmitted by the surface in response to the transmitted electrons. In such a case, 
the receiver device may measure charge and be implemented as a diode, measure 
currents, such as leakage currents from the surface to ground or magnetic fields 
generated by the electrons or otherwise. The properties of scattered or transmitted 
electrons, such as energies, are dependent inter aUa on the thickness of the 
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contamination and the materials present in the contamination. Properties of the 
contamination can thus be determined from the characteristics of the scattered or 
transmitted electrons. 

In a measuring device or method according to the invention, the transmitted 
5 radiation and the received radiation may be any type of radiation suitable for the 
specific implementation. The radiation can for example be electromagnetic radiation 
(such as infrared, visible or ultraviolet radiation) or otherwise. Furthermore, the 
transmitter may transmit a different type radiation than is received by the receiver. 
For example the transmitter may emit an electron beam while the receiver receives 

10 electro-magnetic radiation resulting from excitations of the molecules on the surface 
caused by the electron beam. Likewise, the transmitter may emit electro- magnetic 
radiation of a certain wavelength and the receiver may received radiation of another 
wavelength, thus for example the fluorescence of the contamination can be measured. 
The radiation may be of a single wavelength or comprise a broad spectrum or a * 

15 plurahty of wavelengths. Furthermore, the invention may likewise be appUed as a 
computer program product for performing steps of a method according to the 
invention when run on a programmable device, thus for example enabhng a 
programmable device such as a general purpose computer, to perform the functions of 
the section 1035 of FIG. 9. 

20 It should be noted that the above-mentioned embodiments illustrate rather 

than limit the invention, and that those skilled in the art will be able to design 
alternatives without departing from the scope of the appended claims. In the claims, 
any reference signs placed between parentheses shall not be construed as limiting the 
claim. The word 'comprising' does not exclude the presence of other elements or steps 

25 than those listed in a claim. Unless stated otherwise, the word 'a' is used as meaning 
*one or more'. The mere fact that certain measures are recited in mutually different 
claims does not indicate that a combination of these measures cannot be used to 
advantage. 
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CLAIMS 

1. A measuring device for measuring at least one property of contamination of a 
surface of a component in a lithographic projection apparatus, comprising; 

a radiation transmitter device for projecting projected radiation on at least a part 
of said surface; 

a radiation receiver device for receiving radiation from the component in response 
to the projected radiation; and 
• a processor device communicatively connected to the radiation receiver device, for 
deriving at least one property of received radiation and determining at least one 
property of said contamination from said at least one property of received 
radiation. 

2. A device as claimed claim 1, comprising: 

a first radiation receiver for receiving at least a part of the projected radiation; 
a second radiation receiver for receiving said radiation from the component and 
wherein the processor device comprises: 

means for comparing said part of the projected radiation with the received radiation 
from the component; 

means for determining from the received radiation a relative property relative to said 
part of the projected radiation; and 

means for determining from the relative property at least one property of said 
contamination. 

3. A device as claimed in any one of the preceding claims, wherein the processor 
has means for determining at least one property of modulated radiation modulated by 
the contamination of the surface. 

4. A device as claimed in any one of the preceding claims, wherein the processor 
has means for comparing at least one property of received radiation with at least one 
reference value related to the at least one contamination property. 
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5. A device as claimed in any one of the preceding claims, the processor 
comprises: 

means for determining a first property of the received radiation; 
means for determining a second property of the received radiation; and 
5 means for deriving from said first property of the received radiation and the second 
property of the received radiation at least one contamination property of said 
contamination. 

6. A device as claimed in claim 5, wherein said processor comprises: 

10 means for deriving a first contamination property and a second contamination 
property from the first and second property of the received radiation. 

7. A device as claimed in any one of the preceding claims, wherein the 
contamination comprises at least one material which at least partially modulates the 

15 projected radiation, said at least one material being one of the group consisting of : 
carbon containing materials, siUcon containing material, oxide containing materials, 
salt containing materials, refractory materials. 

8. A device as claimed in any one of the preceding claims, wherein said at least 
20 one property of the received radiation comprises at least one of the group consisting 

of: intensity, wavelength, angle of incidence, polarisation and phase-shift. 

9. A device as claimed in any one of the preceding claims, wherein said at least 
one contamination property comprises at least one of the group consisting of: 

25 thickness, position, roughness and chemical composition. 

10. A device as claimed in any one of the preceding claims, comprising a radiation 
receiver for receiving radiation reflected by the surface of said component. 

30 11. A device as claimed in any one of the preceding claims, comprising a radiation 
receiver for receiving radiation transmitted through at least a part of the component. 
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12. A device as claimed in any one of the preceding claims, , comprising a radiation 
transmitter for transmitting projected radiation through at least a part of the 
component 

5 13. A device as claimed in any one of the preceding claims, wherein the projected 
radiation or the received radiation comprises electro-magnetic radiation. 

14. A device as claimed in claim 13, wherein the electro-magnetic radiation 
comprises at least one of the group consisting of: optical radiation in the range of 

10 visible light to far infrared hght, ultraviolet radiation, such as Deep Ultraviolet or 
Extreme Ultraviolet Radiation. 

15. A device as claimed in any one of the preceding claims, comprising: 

a radiation transmitter for generating radiation at said surface by means of -the 
15 projected radiation, which generated radiation differs in at least one aspect from the 
projected radiation, which at least one aspect is one of the group consisting of: 
wavelength and radiation type; and 

a radiation receiver for receiving the generated radiation. 

20 16. A device as claimed in any one of the preceding claims, comprising a constant 
intensity radiation transmitter for projecting radiation with an intensity which is 
substantially constant in time. 

17. A device as claimed in any one of claims 1-16, comprising a variable intensity 
25 radiation transmitter for projecting radiation with an intensity which varies in time. 

18. A device as claimed in claim 17, wherein the device is a heterodyne device. 

19. A device as claimed in any one of the preceding claims, wherein the radiation 
30 transmitter is part of a radiation system which is used in a lithographic projection 

apparatus for providing a projection beam of radiation and projecting a radiation 
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pattern with the projection beam of radiation onto a target portion of a layer of 
radiation-sensitive material. 



20. A device as claimed in any one of the preceding claim, wherein the radiation 
5 receiver can receive radiation from at least two different parts of the surface and the 

processor comprises means for determining a property of contamination for each of 
said different parts. 

21. A device as claimed in claim 20, wherein the device is a scanning measuring 
10 device with a scanning radiation transmitter for consecutively projecting radiation on 

at least two different parts of the surface . 



22. A device as claimed in any one of the preceding claims, wherein the component 
is part of an optical system of the Uthographic projection apparatus, such as a mirror, 
15 a lens, a reticle or a detector. 



23. A device as claimed in any one of the preceding claims, wherein the 
lithographic projection apparatus is a Deep Ultraviolet or an Extreme Ultraviolet 
lithographic projection apparatus. 

20 

24. A method for measuring at least one property of contamination of a surface of a 
component in a lithographic projection apparatus, comprising: 

projecting radiation on at least a part of the surface; 

receiving radiation from the component in response to said projecting radiation; 
25 deriving from the received radiation at least one property of said contamination. 

25. A method as claimed in claim 24, wherein the method is performed during 
cleaning of at least a part of said surface. 



30 



26. A lithographic projection apparatus comprising: 

a radiation system for providing a projection beam of radiation; 
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a support structure for supporting patterning means, the patterning means serving to 
pattern the projection beam according to a desired pattern; 
a substrate table for holding a substrate; 

a projection system for projecting the patterned beam onto a target portion of the 
5 substrate, and 

a measuring device in any one of claims 1-23. 

27. A device manufacturing method comprising the steps of: 

providing a substrate that is at least partially covered by a layer of radiation-sensitive 
10 material; 

providing a projection beam of radiation using a radiation system; 
using patterning means to endow the projection beam with a pattern in its cross- 
section; and ^ 
projecting the patterned beam of radiation onto a target portion of the layer .of 
15 radiation-sensitive material, and 

appl3dng a method as claimed in any one of claims 24-25 to at least a part of. the 
radiation system to determine if a svurface of said part is contaminated to a certain 
degree with carbon containing materials. 

20 28. A computer program product comprising program code portions for performing 
steps of a method as claimed in any one of the claims 24-25 when run on a 
programmable device. 
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ABSTRACT 



Method and device for measuring contamination of a surface of a component of a 
lithographic apparatus 

A measuring device for determining contamination of a surface of a component in an 
lithographic projection apparatus , The measuring device has a radiation transmitter 
device for projecting radiation on at least a part of said surface and a radiation 
receiver device for receiving radiation from the component. A processor device is 
communicatively connected to the radiation receiver device, for deriving a property of 
received radiation and deriving a property of the contamination j&rom this property of 
radiation. 

Also a method for measuring properties of contamination of a surface of a component 
in a hthographic projection apparatus, comprising: projecting radiation on the surface; 
receiving radiation from the component and deriving jBrom the received radiation 
properties of the contamination 
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